A method for the enrichment of heteroduplex DNAs from hybrid DNA mixtures by endonuclease VII is reported. The procedure is based on the ability of a GST-fused cleavage-deficient mutant endonuclease VII (EVII-N62D GST ) to bind to mismatching nucleotides in heteroduplex DNAs identical to the wild-type enzyme. The GST tag was used for stable immobilisation of the protein to Glutathione Sepharose 4B. This enables the material to withstand the repeated rounds of binding steps required for enrichment of heteroduplex molecules from appropriate samples.
INTRODUCTION
Manifestation of mutations in genomes of any organism can cause fatal defects which in higher eukaryotes include hereditary diseases and cancer (recently reviewed in 1,2). Therefore, mutation detection methods have become increasingly important, especially in medical diagnostics. We have earlier described efficient procedures for the detection of mutations by the Holliday structure-resolving enzyme endonuclease VII (EVII) from phage T4 (3) (4) (5) . The enzyme is able to resolve three-way and four-way branched DNAs into genetically sensible products and also cleaves 3' adjacent to any mismatching and bulging nucleotides in heteroduplex molecules (6) .
One of the procedures used for mutation detection involves immobilisation of wild-type EVII (EVII WT ) on the surface of wells of microtitre plates after exposure to mixtures containing heteroduplex DNAs (4) . This procedure had several disadvantages, however. For example, reproducibility was modest due to: (i) uncontrollable differences in the efficiency of binding of the enzyme to the surface of different microtitre plates; (ii) uncontrolled loss of already bound heteroduplexes due to residual cleavage activity of EVII WT even under high EDTA concentrations. Furthermore, enrichment of heteroduplexes from DNA mixtures with a low content of molecules with mismatches was not practical since binding cycles could not be repeated in EVII-seeded microtitre plates.
Here we describe a variant of the earlier described procedure which overcomes all of the above-mentioned weaknesses by using GST-tagged cleavage-deficient mutant EVII (EVII-N62D GST ) and Glutathione-Sepharose for its immobilisation. The mutation N62D completely inactivates the nuclease activity of the enzyme (7) .
This eliminates all losses of already bound heteroduplex DNAs due to mistimed cleavage. The binding of EVII-N62D GST to Glutathione-Sepharose is very stable and tolerates the several cycles of binding reactions necessary for the enrichment of heteroduplexes from DNA mixtures. Diagnostic cleavage of mismatches in heteroduplexes after the binding reaction can still be performed by adding active EVII WT to the processed protein-DNA complexes on Glutathione-Sepharose and restoring cleavage conditions.
MATERIALS AND METHODS

Buffers, chemicals and radiochemicals
EVII buffer contained 50 mM Tris-HCl, pH 8.0, 12 mM MgCl 2 and 1 mM 2-mercaptoethanol. TBE buffer contained 45 mM Tris-borate, pH 8.0, and 1 mM EDTA. Phosphate buffer contained appropriate mixtures of K 2 HPO 4 and KH 2 PO 4 . Acrylamide/bisacrylamide premix (29:1) for denaturing polyacrylamide gel electrophoresis (PAGE) was from Serva (Heidelberg). [γ-32 P]dATP (sp. act. >3000 Ci/mmol) was purchased from Amersham (Braunschweig). GlutathioneSepharose was from Pharmacia (Freiburg). All other chemicals were purchased from Merck (Darmstadt).
Proteins
EVII WT was purified as previously described (8) . Cleavagedeficient GST-EVII-N62D GST fusion protein was purified as previously described (9) .
Oligonucleotides and DNA
Synthetic oligonucleotides were purchased from Pharmacia (Freiburg), purified, radioactively 5'-end-labelled and assembled into hybrid DNA substrates as described (4) . The nucleotide sequences of the substrates used in this study were as follows. Cruciform DNA (CFM13): strand 1, 5'-GACCAT-GATTACCGACGATCATGTTTG-3'; strand 2, 5'-GGATCC-GGGGAATCGGTAATCATGGT-3'; strand 3, 
EVII digests and PAGE
A total volume of 10 µl EVII reaction buffer contained 25 fmol of radioactively labelled DNA. In reactions with phosphate buffer, MgCl 2 was added shortly before the reaction was started to avoid precipitation. After the addition of EVII the reaction mixtures were incubated for 15 min at the temperatures indicated. Reactions were terminated by ethanol precipitation followed by resuspension in M&G Stop Mix.
Aliquots were loaded on 12% denaturing polyacrylamide gels containing 7 M urea. Reaction products were visualised by autoradiography and quantitated by phosphorimaging on a Fuji BAS1000.
RESULTS AND DISCUSSION
The EVII-N62D GST -based binding assay was tested for all possible mismatches in synthetic heteroduplex DNAs. For formation of protein-DNA complexes, EVII-N62D GST and DNA substrates were reacted before the protein was bound to Glutathione-Sepharose. This improved the final yield of bound heteroduplex DNA over homoduplex DNA considerably. In particular, routine reactions were performed in a total volume of 500 µl containing 1.4 µg EVII-N62D GST and 2 fmol of labelled sample DNA (~10 000 c.p.m.). An aliquot of 100 µg of Glutathione-Sepharose was added after the incubation period and the mixture was transferred to a spin column or dot blot apparatus to separate solid from liquid phases. Separation conditions were chosen such that no extra washing or drying steps were necessary to determine the amount of bound DNA by either short-term phosphorimaging or autoradiography overnight. It should be noted that the binding characteristics of EVII-N62D GST to heteroduplex DNA were the same as for non-tagged mutant EVII-N62D or wild-type enzyme EVII WT described previously (4).
Reaction conditions
The binding of hetero-and homoduplex DNAs to EVII-N62D GST depends on the reaction conditions, such as temperature, time, salt concentration and different buffers. An optimal temperature of 16°C (Fig. 1a) and an optimal incubation time of 15 min were determined (Fig. 1b) . Best results were obtained with phosphate buffer (PO 4 buffer) at pH 6.5 as described before (5) . When PO 4 buffers of 125 or 150 mM were tested in combination with 50, 100 or 200 mM KCl, an optimal KCl concentration of 50 mM was determined for detection of all substrates at either of the two concentrations of phosphate buffer. A KCl concentration of 100 mM and higher is selective for branched DNAs, like cruciform DNA, only (Fig. 1c) . In conclusion, for mismatch detection 125 mM PO 4 buffer at pH 6.5 and 50 mM KCl were optimal conditions. They were used here for the following experiments.
As shown in Figure 1e , all mismatches were detectable under the optimal binding conditions. Characteristic differences in the relative efficiencies of binding were observed for individual mismatches. The affinity of EVII-N62D GST was highest for C/C and G/G mismatches, lowest for A/A and T/T mismatches and intermeditate for A/G, A/C, T/G and T/C mismatches (mismatches T/G and T/C are not included in Fig. 1e ). All experiments were repeated at least five times giving identical results, reflecting a high degree of reproducibility of the method. The sensitivity of the binding reaction was determined using DNA mixtures containing decreasing relative concentrations of heteroduplex DNA in homoduplex DNA (Fig. 1d) . As shown in Figure 1d , a content of 12.5% heteroduplexes among homoduplexes could easily be distinguished over background (Fig. 1d) .
Locating mutations in heteroduplex DNA
To locate a mutation in the heteroduplex DNA, spin columns were used to trap, wash and drain the Glutathione-Sepharose. After closure of the columns, 500 µl EVII reaction buffer containing 100 U of wild-type (cleavage-active) EVII WT were added. After incubation for 15 min at 37°C, 25 µl of SDS (20%) were added and the DNA was removed by centrifugation. Samples were ethanol precipitated and analysed for diagnostic fragments on 12% PAA gels (Fig. 2c) .
Enriching heteroduplex DNA
For the enrichment of heteroduplex DNAs from samples with a low content of heteroduplexes the spin column procedure was used successfully (Fig. 2) . After trapping GlutathioneSepharose from the binding reaction in a spin column and the first centrifugation, another sample of DNA was added in 500 µl binding buffer, incubated for 5 min at 16°C and then centrifuged. This step was repeated up to five times. The amount of bound DNA was determined after each round in separate experiments and the amount of trapped heteroduplex DNAs was determined by enzymatic cleavage (Fig. 2a and b) . The total amount of DNA bound to the column did not markedly increase with repetitions but the content of heteroduplex DNAs among the total DNA bound increased from~10 to 45% after the third cycle (Fig. 2b) . No further increase was observed with additional cycles.
Note that the heteroduplexes are distinguishable from homoduplexes in this experiment because an 8 nt insert was chosen in the plus strand of the construct, which makes it distinguishable from the minus strand on denaturing gels (Fig. 2a, lanes 3-8, and b) .
A size distinction cannot be made with an equal number of nucleotides in both strands of a heteroduplex as expected during routine mutation detection analyses. However, if the cleavage reaction is performed after the binding cycles are completed the relative content of bound heteroduplexes becomes visible. Again, a relative increase in heteroduplex DNA is observed with each repetition cycle starting from an initial, barely detectable proportion of~10% to a clearly detectable portion of~40% after three to four cycles (Fig. 2c,  lanes 3-10, and d) .
Detection of mismatches as well as other distortions in hybrid DNAs made from longer PCR fragments of 80-250 bp by solid phase EMD technology has been described previously (4). iv From the intensity of the signal (marked 'product' in Fig. 2c ) one may conclude that mismatch heteroduplexes can be made visible even from samples with <10% heteroduplexes. This, however, was not the case, for unknown reasons, indicating that 10% heteroduplex content in a sample provides a kind of threshold concentration for the reaction (Fig. 1d) .
In conclusion, these experiments show that mutant cleavagedeficient EVII can be used for selective binding and enrichment of diagnostic heteroduplex DNAs from DNA mixtures with contents of heteroduplexes too low for detection using regular analytical procedures. Repeated cycles of binding reactions followed by diagnostic cleavage using EVII WT allows reliable detection of heteroduplexes in samples with as low as 10% heteroduplex content.
